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SUMMARY
Experiments were conducted in a turbulent boundary-layer near separation
along a circular cylinder with the flow in the axial direction. The pressure
gradient along the axis of the cylinder could be varied such that it was
possible to maintain three boundary-layer configurations close to separation
or with regions of reversed flow:
1. A turbulent boundary-layer with skin friction zero.
2. A turbulent boundary layer with a separated region and reattachment
further downstream with skin friction zero.
3. A turbulent boundary layer with a region of small but constant
skin friction and normal separation.
Pressure and skin friction along the cylinder wall,. as well as mean
velocity profiles in the boundary-layer, were measured.
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NOMENCLATURE
A Constant in the "law of the wall"
B Constant in the "law of the wall"
C, Wall friction coefficient 2T /PU
d Diameter of Preston tube
H 1 2  Shape factor 61/62
H 3 2  Shape factor 63/62
R Radius
Re Reynolds number based upon x
Re 6 2 Reynolds number based upon momentum thickness p u6 6 2/p w
u Component of mean velocity parallel to the wall
u6  Free stream velocity
(u6)O Free stream velocity at the first pressure tap
u Skin friction velocity (T/p)1/2
u' Component of turbulent velocity fluctuation in x-direction
V' Component of turbulent velocity fluctuation in y-direction
x Coordinate parallel to the wall
y Coordinate perpendicular to the wall
z Coordinate along circumference
6 Boundary layer thickness
61 Displacement thickness
62 Momentum thickness I see Chapter 2.3
63 Energy thickness
Ap Pressure drop
Iy Dynamic viscosity
v Kinematic viscosity
p Density
pu'v' Reynolds shear stress
T Wall shear stress
1.
1. INTRODUCTION
During the last eight years a number of experiments on turbulent
boundary layers with pressure gradient have been published, most of them
dealing with extreme flow conditions. The flow configurations investigated
1 2
were equilibrium boundary layers (Bradshaw and Ferris , Bradshaw , Herring
and Norbury ), boundary layers with strong adverse pressure gradients, and
boundary layers with zero skin friction. The pressure gradients set up
showed two main features. A monotonic pressure rise led to separation of
the boundary layer some distance downstream (Schubauer and Spangenberg ,
Moses5, and Perry 6). If the adverse pressure rise was reversed just before
the flow reached separation, the separated state could be avoided (Moses ,
Goldberg ).
The third species of boundary-layer flow was illustrated by two
experiments (Stratford 9 , Spangenberg, Rowland, Mease1 0 ). There the
pressure distribution was adjusted in such a way that the turbulent
boundary layer remained on the point of separation for some distance
without separating. In both cases the skin friction was assumed to be
close to zero which was concluded from the behavior of wool tufts along the
wall. Despite this rather critical condition of the boundary-layer it could
thus be proved that such a boundary-layer flow is stable and can be
maintained over longer distances (x s 0.81 m and x * 2 m, respectively).
sep sep
Both experimenters had to overcome severe trouble with secondary flows,
however.
Bearing in mind these experiments we intended to investigate three of
the above-mentioned boundary-layer flows somewhat further. First a
turbulent boundary layer with zero skin friction was generated where no
three-dimensional effects could affect the flow, be it either from corner
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flow or from secondary flow due to the geometry of the test section.
Secondly the pressure gradient was adjusted such that the boundary layer
separated, went through a region of reverse flow, and then reattached
maintaining a flow with zero skin friction. Having set up flow configu-
rations with separating and nearly separating boundary layers it seemed
interesting to compare them with a more "normal" separation condition.
This led to the third pressure distribution which had a region with nearly
constant skin friction after a recovery from a sharp pressure rise and
then approached separation.
Since boundary-layer separation is one of the limiting conditions
of many applications of fluid mechanics the problem of a boundary layer
with zero skin friction was recognized by Prandtl11 in 1935 and solved
theoretically for the laminar boundary layer. Several other papers have
since investigated this type of flow (see v.Doenhoff and Tetervin 2
Walz 3, Stratford 14, Townsend15, Eppler 6)and a closed solution for both
plane and axisymmetric flow was found by the first authorlTs 18. All of
these theoretical approaches dealt with turbulent boundary layers on the
verge of separation.
Due to the limited amount of time available this report had to be
split into three parts, the first of which is presented here. It deals
with the establishment of the flow configurations investigated, listing
measurements of the mean velocity profiles in the boundary layer, of the
pressure distribution, and of the wall shear stress. A second report will
be printed next year describing fluctuation velocities, shear stress
measurements, and the turbulence structure of the boundary layers. Lastly
a theoretical report is in progress dealing with the calculation of
turbulent boundary layers near separation and with enclosed regions of
separation.
3.
Phenomenological Description of the Experiments
The test section consisted of two ctgrentric circular cylinders with the
flow in the axial direction (see Fig. 1). The boundary layer was generated
on the inner Plexiglas cylinder whereas the free surface of the outer porous
cylinder could be covered up to control the mass flow and thereby the stream-
wise pressure distribution. The versatility of the apparatus already shown
by Moses and Goldberg enabled three types of boundary layers close to
separation to be set up. The governing factor for the adjustment of the
pressure distribution was the skin friction measured with sublayer fences
and a very sensitive feather probe serving as a means to visualize the
behavior of the flow.
Boundary-Layer Flow I(unI
A steep pressure rise at the inlet to the test section enforced a
separation velocity profile in the boundary layer. Further downstream the
pressure gradient was modified to hold the boundary layer at the verge of
separation without letting it separate.
For this part of the flow the sublayer fences indicated zero pressure
difference, i.e. zero skin friction.
The feather probe hovered but did not show reverse flow on the wall.
Boundary-Layer Flow II (Run II)
A steeper pressure rise than the first one at the entry of the test
section caused the boundary layer to separate. The sublayer fences and the
feather probe indicated reverse flow. Downstream the pressure was adjusted
in such a way to set up a reattaching boundary layer close to separation.
Now the sublayer fences showed zero skin friction, except for a short
region with positive skin friction until the flow separated again towards
the end of the test section.
The third pressure distribution was intended to generate a boundary
layer with distinctly positive but very small and constant skin friction
which would finally separate normally. The skin-friction distribution
actually obtained was slightly higher. This was due to the limitations of
the apparatus. Since the fan speed could not be controlled surge conditions
were approached and the boundary-layer flow consequently became oscillatory
and unstable. These unfavorable conditions were avoided by accepting the
slightly higher skin-friction distribution. After a steep rise the
pressure distribution flatened off, causing the tailpipe effect known in
internal-flow configurations. The skin friction rose slightly, but the
following pressure rise then induced the boundary layer to separate.
2. EXPERIMENTAL APPARATUS AND TEST PROCEDURE
The wind tunnel and test section used were designed and described by
8Goldberg in an earlier report . A brief description will be given, however,
so that the following can be understood without complete knowledge of
Goldberg's paper. The geometric details were not given in Goldber's paper.
Since it proved to be a rather time-consuming and tiresome task to establish
the pressure distribution investigated, we give a detailed account of the
geometric parameters involved in Table 1 and Fig. 1 so that the experiments
can be reproduced easily.
2.1 Apparatus
The description of the apparatus partly follows Goldberg. An axial-
flow fan, rated at 27,300 m /h at 76,2 mm of water static, fitted with a
radial inlet, supplies air to the system. Downstream of the fan are flow
straightening vanes, a screen, motor fairing, and diffuser all of which
serve the purpose of reducing losses and steadying the flow. The air which
Boundary-Layer Flow III (Run III)
leaves the diffuser enters an aluminum settling chamber 1.83 m in diameter
and 3.05 m long. The settling chamber contains a honeycomb flow straightener,
a center tube which is held in place by a vertically mounted airfoil strut,
and an 86-mesh silk screen with approximately 46% free-flow area for reducing
turbulence. The center tube provides support for the upstream end of the
test section, as well as for the honeycomb. To prevent blower vibrations
from reaching the settling chamber a flexible coupling, actually a piece of
heavy fabric, is used to seal the gap between blower and diffuser (the
diffuser being rigidly attached to the settling chamber). The flow leaving
the settling chamber was accelerated to approximately 20 m/s by a 9 to 1
area contraction which further reduced the longitudinal velocity variations
in the flow. The free-stream turbulence intensity measured at the exit
of the contraction was approximately 0,2%.
The test boundary layer was grown on the central Plexiglas cylinder
being 0.254 m in diameter and 1.83 m in length. The outer porous-metal
cylinder had a length of 1.22 m and was 0.61 m in diameter and an adjustable
end plate caused the annulus pressure to be greater than ambient. The flow
diffusing out through the porous surface thus created an adverse pressure
gradient. The pressure distribution could be adjusted as desired by
controlling the flow through the porous cylinder, by adjusting the end plate
and by opening the by-pass. Narrow cloth bands and larger pieces of
transparent polythene sheets were fastened on the outer surface of the
porous cylinder to control the outflow. The transparent cover allowed the
flow to be observed and checked by means of a sensitive feather probe.
Furthermore the outer cylinder had been provided with a longitudinal slot and
guides for making boundary layer traverses.
With a boundary layer extending halfway or more into the annulus the
flow angle had to be checked towards the edge of the boundary layer. This
6.
was also accomplished by means of the feather probe.
2.2 Instrumentation
Insofar as the same instrumentation was used we may refer the reader
to Goldberg's report for a more detailed description. The inner Plexiglas
cylinder was fitted with static-pressure taps spaced 50.8 mm apart along a
line parallel to the cylinder center Line. The static-pressure taps were
0.635 mm in diameter and the static pressures were read on an inclined
multi-tube manometer. Since the pressure distribution was used only as a
first indication for the type of flow desired, the accuracy of such a
manometer was sufficient.
A micrometer screw with 55 mm maximum travel was used to traverse a
flattened total-head tube across the boundary layer. The outside height
of the probe was 0.127 mm. The dynamic head - to determine the velocity
in the boundary layer - was recorded by means of a micromanometer manu-
factured by R. Hellwig Co., Berlin/Germany. This micromanometer is a
nulling instrument, i.e, before the measurement the meniscus is adjusted to
zero and after the pressure is applied a vessel with methanol is raised or
lowered by means of a micrometer screw until the instrument reads zero
again. The difference in height is shown digitally and the accuracy of the
manometer is + 0.005 mm of the manometer liquid.
The same micromanometer was used to obtain the skin-friction readings.
Wall shear stress was measured by means of a Preston tube with 1.27 mm outer
diameter and a series of fixed sub-layer fences* located on the test
cylinder along a line parallel to the row of static-pressure taps (see Fig. 2).
Each of the sublayer fences was machined out of a brass plug 4.77 mm in
diameter, pressed into the Plexiglas cylinder and then ground flush with the
*
The first reference in which such a skin-friction meter is described was
19given by D. N. Bushmarin and T. Yo Andreiev ao
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surface on either side of the fence. The fences were approximately 0.254 mm
thick and 0.152 mm high and pressure holes are placed in each plug on either
side of the fence. As tests showed each fence, however, had to be
calibrated separately.
We used the Preston tube for all skin-friction measurements where the
boundary had not yet approached separation, and the sublayer fences where the
flow was on the verge of separation or where flow reversal occurred. Since
it was not possible with this experimental set up to calibrate the sublayer
fences in both directions a negative pressure difference could be used only
qualitatively as an indication for the strength of the back flow.
A zero-pressure reading of the sublayer fence was assumed to indicate a
boundary layer on the verge of separation though the Preston tube still
showed a small positive reading. A plot of the universal law where u was
obtained from the Preston-tube reading indicated, however, that the value
for the skin friction must be too high and so the Preston-tube readings close
to separation were assumed to be erroneous and not used. The behavior of the
feather probe could be correlated with the reading of the sublayer fence, at
least qualitatively, and confirmed the reading of the sublayer fence near
separation. Two sublayer fences (x = 0.768 m) were calibrated against the
Preston tube and for the calibration a flow with zero pressure gradient was
set up. To ensure that calibration errors due to a circumferential variation
of skin friction were excluded the Preston tube was put on top of the sub-
layer fence and removed for the fence reading (see Fig. 3).
The actual values for the wall shear stress were obtained from Patel's2 0
calibration curve
y* = 0.8287 - 0.1381 x* + 0,1437 x* - 0.0060 x*3 (2-1)
8.
t d2  Ap 2
where y* E log1  2) l 10 E.2
4p v 2J x 04p v2
APPr is the pressure difference between the Preston tube and the static-
pressure tap, p the density, v the kinematic viscosity and d the diameter
of the Preston tube.
The measuring position for skin friction and velocity profiles is also
shown in Fig. 2. The result of the calibration is given in Fig. 4 for one
fence. For all velocity profiles skin friction data were taken at the
position of the velocity profile with respect to the x and z coordinates.
If no variations in skin friction could be observed readings at the
position of the sublayer fence were plotted, too.
2.3 Test Procedure
For all three runs the static-pressure and skin-friction distributions
were measured first, then the velocity profiles were taken and lastly the
skin friction was checked again. To ensure that the flattened Pitot probe
did not measure at an angle of incidence to the flow we controlled the flow
direction well beyond the edge of the boundary layer. The flow did not
change its direction parallel to the cylinder axis - within the limits of
observation - before it almost reached the porous cylinder. So only the
outer part of the three last profiles in Run II may be affected by this
divergence. The boundary-layer flow was checked for axisymmetry in the
vicinity of the wall by means of the feather probe and by skin-friction
measurements.
2.4 Data Reduction
One computer program was utilized in reducing the data and in evaluating
the mean flow parameters from the pressure measurements. From this the
values of displacement thickness, momentum thickness, energy thickness, and
the two shape parameters of the velocity profile were calculated for both their
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two-dimensional and axisymmetric definitions:
Displacement thickness
6 1
Momentum thickness
62
Energy thickness
63
Two-dimensional
r69 U1 dy
(1 ) dy
f U 6 U
U 1 u) dy
O.6 U
Axisymmetric
0i U +
[6(1 )( + )
U (U)(1 + -) dy
Of U. 6 U R
Shape parameters
H1 2
H3 2
6 /26
1A 2
63/162
1 /62
3 2
The radius of the Plexiglas cylinder R was 127 mm. The maximum
difference between the axisymmetric and two-dimensional values of Re6 and
8 2
H12 was found to exceed the values given by Goldberg which were, on average,
10% and 2% respectively. The maximum difference for each run is shown in the
following table where the axisymmetric case is used as reference (= 100%):
Re
6
Run I
Run II
Run III
-20 %
-33 %
-29 %
H1 2
+6 %
+5 %
+9 %
From this it is evident that the transverse-curvature effect is considerable
and that the axisymmetric definitions have to be used to describe the
boundary layer.
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All the characteristic experimental data are given in tables 3 to 8 at
the end of this report to facilitate comparisons or evaluation for other
research workers. The pressure measurements for the velocity profiles were
not corrected for either wall effects or turbulence in the boundary layer.
A comparison with hot-wire measurements especially in the region close to the
wall will be presented, however, in part two of this report.
An evaluation of the data of reference 10 which were taken under
similar conditions showed that the difference between Pitot tube and hot
wire measurements did not exceed -3% for H12 and +5% for 62 with the
results from the Pitot measurement as the reference.
The skin-friction measurements were compared with the semi-empirical law
of Ludwieg and Tillmann21
C 0.246 10-0.678 H12 Re-0.268 (2-2)
and with a modified skin-friction law (see reference[22])where the skin
friction is extrapolated towards zero, a minor shortcoming of eqn. (2-2).
The modified law yields for the skin friction:
8.05 1-705 -0.268C = 0.0580 (log 8.01Re-0* (2-3f H1.818 6r2
H1 2
3. EXPERIMENTAL RESULTS
3.1 General Remarks
For a presentation of the experimental results it was thought convenient
to make a few general remarks first and then describe the different runs one
by one.
The development of the boundary-layer flow as characterized by the
velocity u6 at the edge of the boundary layer, the Reynolds number Re262
ll.
based on the momentum thickness, the skin-friction coefficient C, and the
shape parameter H1 2 is presented in one diagram for each run. This
facilitates a survey on what is actually going on in the boundary layer.
At all the positions where a velocity profile was measured the skin friction
and the free-stream velocity were plotted from the profile measurements.
The other u6 and C values were taken from the control measurement. The
momentum thickness and the shape parameter were determined from the
measured velocity profiles. All values are shown as a function of the
coordinate x in the streamwise direction. x is the distance along the
cylinder starting from where the surface becomes parallel to the cylinder
axis, i.e. 6.35 mm upstream from the first static-pressure tap.
The velocity data were presented in two ways. First u/u6 was plotted
versus y/62 with the downstream position as a parameter and secondly
u/u was presented as a function of log - to check whether the velocity
profiles agree with the law of the wall. For a comparison with theory
we used the universal law with the constants A = 5.75 and B = 5.1 given
23by Coles
3.2 Boundary-Layer Flow I (Run I)
The characteristic boundary-layer values are shown in Fig. 5. With
decreasing velocity in the free stream the boundary-layer thickness
increases and the skin friction is gradually reduced until it reaches zero
for x > 0.45 m. The velocity gradient is adjusted in such a way that the
skin friction remains virtually zero as judged from the readings of the
sublayer fences. Towards the end of the test section it is not possible to
control the velocity distribution anymore and the boundary layer finally
separates. This change in the flow close to the wall could very distinctly
be seen from the behavior of the feather probe.
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From semi-empirical skin friction laws and Stratford's measurements
the shape parameter was expected to remain constant after the boundary layer
had reached the state "on the verge of separation". As it turned out, however,
the shape parameter H12 declined again having reached a maximum value of
2.84. A further rise downstream was observed before the flow finally
separated. A similar behavior of the shape parameter H 12 was found in
reference 10 where (H1 2) max was 2.39 and subsequently fell to a smaller
value rising again at the last measuring station.
Stratford's9 separation profiles on the other hand reached maximum
values of H12 = 2.57 remaining constant for the last 3.40 mm of his test
section. The Reynolds-number range was about the same for the three experiments,
lying between 1100 < Re < 12000.
Looking at the velocity profiles (see Fig. 6) two groups can be
clearly distinguished. One comprising the profiles 3 to 9 shows the well
known behavior of velocity profiles in a turbulent boundary layer with an
adverse pressure gradient, i.e. the region of velocity defect near the wall
increases downstream. The second group includes those profiles labelled
11 to 19. It is interesting to note that 11 and 19 lie on the same curve
close to the wall. Profile 13 shows the biggest defect which agrees with
the maximum value of H 2. For all profiles of this group the sublayer
fences indicated zero skin friction. Including the data of Stratford who
claims zero skin friction between 2.32 < H1 2 < 2.57 we can conclude therefore
from experimental evidence that zero skin friction is reached if the shape
parameter H12 lies within a range
2.27 < H 1 2 < 2.84
for Reynolds numbers between 1100 and 12000.
This, however, means that the boundary layer in reference 10 falls
13.
within this range with only one profile (H12 = 2.39 "B" condition, x = 130")
which agrees well with the shape of profiles 11 and 19 near the wall as can
be seen from Fig. 7. Beyond a value H1 2 = 2.45 of the shape parameter a
region of constant velocity becomes more and more pronounced and extends further
into the boundary layer (profiles 13 and 15 ). This finding seems to agree
with some of Stratford's profiles (see ref.9-1 Fig. 8) though the curves
make it difficult to decide whether the velocity is constant or rises
slightly in his experiments. It is certainly not sufficient to describe a
velocity profile by H12 alone if the skin friction is zero and it is
doubtful whether Re2 adds much more information. This can be seen from
62
Run III where profile 21 shows the same behavior as do 13 and 15 though the
shape parameter is H12= 2.45. Only the Reynolds number has twice the value
of the profiles in Run I. Before one can draw any further conclusions it will
be necessary to know the turbulence structure of the separation profiles,
the knowledge of which may help to shed some more light on the rather somber
state of the art.
If the velocity-profile data are plotted with u/u versus log (y u /v),
using the measured skin-friction values, very good agreement with the
universal law of the wall is obtained as can be seen from Fig. 8. Since all
the other profiles had zero skin friction only the first four velocity
profiles could be shown. Due to the steep pressure gradient the straight
line in Fig. 8 is rather short and the curves start to deviate at a value of
log (uT y/v) ' 100. A velocity profile with zero pressure gradient
(x = 0.768 m) is plotted for comparison. It is not surprising therefore to
find that both skin friction laws show good agreement with the measurements
(see Fig. 9) up to separation. None of the existing skin friction laws
takes account of a varying shape parameter at separation which would explain
the discrepancy between theory and experiment in the separation region.
Lastly skin friction was measured in interwals of 6 mm along the
circumference (-127 mm<Z <+ 127 mm) at three stations (x = 0.210; 0.514;
0.921 m) and the value measured at each station was found to be constant.
3.3 Boundary-Layer Flow (Run II)
The second flow configuration (see Fig. 10) shows a sharp decline in
velocity at the beginning of the test section so that the boundary-layer
has separated before reaching 1/6 of the total length of the cylinder. A
region of reversed flow where the sublayer fences indicate negative skin
friction is then followed by reattachment of the boundary layer. Through
most of this region of reattached flow the skin friction is again zero as
it was in Run I but the velocity profiles show a distinctly different
behavior. Having just about recovered from the reversed flow near the wall,
the velocity defect is pronounced (see profile 13 in Fig. 11) by a relative
minimum. This minimum moves towards the wall further downstream (profile 14 )
and finally vanishes (see profile 21). Despite of the relative minimum
there is some resemblance between these velocity profiles and those ( 15 to
19 ) of Run I. If the velocity profiles are evaluated and measurements are
compared with the semi-empirical skin-friction laws, poor agreement is found
(see Fig. 12) since the shape parameter H 12 is too low to yield zero skin
friction. Three reasons may be given for this disagreement. First, the
behavior of the feather probe indicated highly turbulent flow which could
mean that the Pitot probes read too high, both away from and close to the wall.
The same could hold for the sublayer fence which may be influenced by
highly turbulent flow. Second, the laws for two-dimensional boundary layers
may no longer be applicable to this special flow still recovering from back
flow. Third, the boundary layer fills about 60% and more of the annulus
downstream of x = 0.61 m. This may change the behavior of the boundary
layer.
15.
Compared with Run I where the boundary layer was tripped at about
x = 0.044 m irregularities in natural transition are probably the reason
for the variations in skin friction seen in Fig. 13. It is not surprising
that these variations do not continue through the separation region down-
stream of which they have vanished completely.
Lastly a preliminary qualitative investigation of the region of
separated flow was conducted by means of the feather probe. This showed
that the separated region reached a hight of about 50 mm and a length of
about 300 mm on the surface of the Plexiglas cylinder which would correspond
to a very stable ring-shaped separation bubble. Hopefully more information
will be obtained by the hot-wire measurements to confirm this hypothesis.
3.4 Boundary-Layer Flow ,III (Run III)
As may be recalled the third pressure distribution was set up to
generate a boundary layer where the skin friction should be almost constant
and small and where a velocity profile at separation could be obtained.
This seemed necessary for a comparison with the profiles of Runs I and II
conducted under more extreme conditions.
A gradual reduction of the velocity gradient in the free stream reduced
the downward trend of the skin friction (see Fig. 14) and even reversed it.
This rise in skin friction is probably due to the so-called tail-pipe effect
known from internal-flow configurations where a region with pressure rise is
followed by a region with zero pressure gradient. Since the velocity profiles
thereby have to change shape - the velocity in the vicinity of the wall rises -
skin friction is increased. Reducing the free stream velocity u6 downstream
furthermore causes the wall shear stress to fall rather sharply until
separation is finally reached. The shape parameter H12 follows this
pattern.
16.
As for the velocity profiles (see Fig. 15) no anomalies could be
observed, profile 7 being close to separation while a true separation profile
only appears at position 21 .
Though we encountered the same type of profile in all the three runs
the evidence that this is the separation profile is not conclusive until we
know the order of magnitude of the fluctuating velocity components which
may influence the reading given by the flattened Pitot probe. The meniscus
of the manometer fluid was steady, however, thus showing no indication of
oscillating flow.
All experimental results obtained can be explained satisfactorily
except the plot of the universal semilogarithmic law of the velocity profiles
which is shown in Fig. 16. Contrary to the good agreement between measure-
ments and theory in Fig. 8 all the measured values for Run III were below the
theoretical curve by as much as 15 %. . This cannot be explained by
inaccuracies of the measurements and so far no explanation for the dis-
crepancy can be given. Several control measurements of both velocity and skin
friction confirmed the original results.
4. DISCUSSION OF RESULTS
Neither Stratford nor Spangenberg et al.i. measured velocity profiles
and skin friction together in turbulent boundary layers close to separation.
Therefore it was one of the aims of this investigation to gather both these
pieces of information. Since the new experimental results agreed neither in
all parts with Stratford's experimental results nor with the semi-empirical
laws for skin friction an interpretation should be made with great care.
Good agreement was found between measurements and the two semi-empirical
laws up to the point of separation (see Figs. 9 and 17). For both regions
with skin friction zero (Runs I and II) the semi-empirical laws gave skin-
17.
friction values which were too high. This was due to the development of the
shape parameter H12 in axial direction. H12 declined after having reached
a maximum value thus causing the skin friction to rise again whereas the
sublayer fences still gave zero skin friction readings. Two reasons may
be responsible for this discrepancy. Firstly, both the sublayer fence and
the Pitot probe may have been affected by fluctuation velocities close to
the wall causing the measurements - especially of the sublayer fence - to be
slightly erroneous. This is quite possible in a region close to or at
separation where the mean velocities are very small near the wall.
Secondly the skin friction laws in their present form can no longer be
applied once separation has been approached.
Furthermore it is interesting to note that the experiments on boundary
layers with zero skin friction disagree in two other points. Spangenberg's
and the present experiments indicate a relative minimum for H12 in the
region close to separation. In Stratford's experiment the shape factor H12
rose from a first plateau with H12 = const = 2.32 to a second plateau with H1 2
= const = 2.57 further downstream, indicating no decline of the shape
parameter. Both regions were affected by secondary flow, however, which may
serve as an explanation for the different behavior of the shape parameter,
since no secondary flow was observed in the other two test sections.
Three types of separation velocity profiles were found in the three
investigations. Stratford measured profiles which close to the wall followed
y1/2
a law u y . This could not be confirmed by either of the three other
experiments though Stratford's data can also be interpreted as having a
region of almost constant velocity close to the wall. This would agree with
the one group found in the present experiments (profiles 13 and 15 in Run I
and profile 21 in Run III). The second group of profiles observed agrees
with Spangenberg's separation profile as plotted in Fig. 7. No conclusive
18.
explanation can be given yet for the existence of the two types of velocity
profiles near separation but more definite answers :are expected from the
second part of the experimental investigation and the theoretical work.
Lastly it should be remarked that the experimental set up used was
extremely well suited for experiments on boundary layers close to
separation since the flow was absolutely steady. This is usually not the
case in diffuser. flow or in boundary layers near separation on airfoils.
So at least the problem of separation in turbulent boundary layers for
steady flows seems closer to a solution than before and might then make
it possible to answer related questions for unsteady flows.
RECOMENDATIONS FOR FURTHER RESEARCH
The second part of this investigation should be concerned with hot-
wire measurements in the three turbulent boundary layers described above,
following in general the procedure indicated in the paper of Spangenberg,
Rowland, and Mease .
This would mean measuring the fluctuation velocities u' and v' as well
as the shear stress distribution across the boundary layer. From these data
the dissipation integral and the Reynolds - normal stress term -
a (p u'2 )/ax could be determined to check whether the latter term is as
important as reference 10 indicates.
Furthermore it would be important to investigate the separated region
found in Run II in more detail.
Lastly it would be necessary to estimate the influence of turbulent
fluctuations near the wall on the reading of the sublayer fence.
19.
REFERENCES
1. Bradshaw, P., Ferris, D. H., "The response of a retarded equilibrium
turbulent boundary layer to the sudden removal of pressure gradient"
1965 N.P.L. Aero Rep. 1145.
2. Bradshaw, P., "The turbulence structure of equilibrium boundary layers",
1966 N.P.L. Aero Rep. 1184.
3. Herring, H. J., Norbury, J. F., "Some experiments on equilibrium
turbulent boundary layers in favorable pressure gradients", J.
Fluid Mech. 27 (1967), 541 - 549.
4. Schubauer, G. B., Spangenberg, W. G.,"Forced mixing in boundary layers','
J. Fluid Mech. 8 (1960), 10-32.
5. Moses, H. L., Chappell, J. R., Goldberger, T., "Boundary layer separation
in internal flow" M.I.T. Gas Turbine Laboratory (1965) Rep. 81.
6. Perry, A. E., "Turbulent boundary layers in decreasing adverse pressure
gradients", J. Fluid Mech. 261 (1966), 481 - 506.
7. Moses, H. L., "The behavior of turbulent boundary layers in adverse
pressure gradients", M.I.T. Gas Turbine Laboratory (1964), Rep. 73
8. Goldberg, P., "Upstream history and apparent stress in turbulent
boundary layers", M.I.T. Gas Turbine Lab. (1966) Rep. 85.
9. Stratford, B. S., "An experimental flow with zero skin friction
throughout its region of pressure rise", J. Fluid Mech. 5 (1959)
pp 17 - 35.
10. Spangenberg, W. G., Rowland, W. R., Mease, N. E., "Measurements in a
turbulent boundary layer maintained in a nearly separating condition"
in Fluid Mechanics of Internal Flow, Editor G. Sovran, 1967, 110-151.
11. Prandtl, L., Aerodynanic Theory, Editor Durand, Vol. III, Berlin, 1934.
12. Doenhoff, A. E., Tetervin, N., "Determination of general relations for
the behavior of turbulent boundary layers" NACA R 772, 1943.
13. Walz, A., "Theoretische Widerstandsberechnungen an einem Laminarprofil
mit verschiedenen Schwanzteilformen (1944) Deutsche Luftfahrtforschung
U & M 3131.
14. Stratford, B. S.,"The prediction of separation of the turbulent boundary
layer", J. Fluid Mech. 5, 1959, pp 1 - 16.
15. Townsend, A. A., "The development of turbulent boundary layers with
negligible wall stress", J. Fluid Mech. 8, 1960, 143 - 155.
16. Eppler, R., "Ergebnisse gemeinsamer Anwendung von Grenzschicht und
Profiltheorie", Z. Flugwissenschaften 8, H.9, 1960.
200
17. Fernholz, H., "Theoretische Untersuchung zur optimalen Druckumsetzung in
Unterschalldiffusoren", Dissertation, T.H. Karlsruhe, 1961,
18. Fernholz, H., "Eine grenzschichttheoretische Untersuchung optimaler Unter-
schalldiffusoren' Ingenieur Archiv 35, H. 3, pp 192-201, 1966.
19. Bushmarin, 0. N., Andreieva, T. V., "Measuring friction in the turbulent
boundary layer by Pitot tubes, A.R.C. 20,051 London B.S.R.A. Transl.
No. 941 (1960).
20. Patel, V. C,, "Calibration of the Preston tube and limitations on its
use in pressure gradients' J. Fluid Mech. 23 (1965) pp 185-208,
21. Ludwieg, H., Tillmann, W., "Untersuchung ueber die Wandschubspannung
in turbulenten Reibungsschichten, Ing. Archiv 17, 1949.
22. Fernholz, H., "Halbempirische Gesetze zur Berechnung turbulenter Grenz-
schichten nach der Methode der Integralbedingungen, Ing. Archiv 33
(1964), pp. 384 - 395.
23. Coles, D., "The law of the wake in the turbulent boundary layer",
J. Fluid Mech. 1, (1956) pp 191-226.
TABLE 1 - GEOMETRIC VARIABLES IN MM
(For Reference See Figure 1)
L L*12 L3 L L 5 L L L S1 S2 S3 S4
98.4 508.0 149.2
127.0 -
VARIABLES
Run
Run
Run
I
II
III
50.8
254.0
254.0
152.4
736.6
323.85
101.6
47.6
9.5
98.4
120.65
438.15
1828.8
1828.8
1828.8
635.0
635.0
635.0
12.7
12.7
12.7
12.7
12.7
12.7
12.7
25.4
15.87
76.2
76.2
76.2
Ll 1
TABLE 2 - CHARACTERISTIC BOUMDAR LAER DATA (RUN I)
x[m] Ug u m/s[
0.108
0.210
0.33U
0.413
0.514
0.616
0.718
0.819
0.921
1.022
17.90
16.43
14.82
13.08
12.10
11.44.
u2..u
10.57
9.97
7.32
Re x 10- ym/sl Z N/m2 I
1.1993
2.1364
2.8539
3.4606
4.0438
4.5849
5.1069
5.4964
5.9898
5.6882
0.8171
o.6880
0.5282
0.3298
xo
".0
0.7764
0.5501
0.3242
0.1289
So
~0
Cf 911m] g 2lnl 3(mm}
0.00417
0.00351
0.00254
0.00127
~o
zO
1.4561
2.1023
3.8839
8.0882
17.540
24.438
26.112
28.603
37.534
1.0268
1.4685
2.5088
4.2627
7.1629
8.5990
10.172
12.585
15.973
1.8054
2.5568
4.2730
6.7878
10.876
12.885
15.446
19.425
24.592
H 12
1.4182
1.4315
1.5481
1.8974
2.4488
2.8420
2.5669
2.2728
2.3498
H 32 Re, x
2
1.7583
1. 741
1.7032
1.5923
1.5184
1.4985
1.5185
1.5435
1.5396
0.114o
0.1494
0.2302
0.3572
0.5635
o.64oo
0.7235
o.8446
1.0388
negative
TABLE 3 - VEWOC'I PROFIIES (F= 1 I)
x = 0.1 08 m
Y/6 2
0.247
0.371
o.485
0.618
0.741
o.865
0.990
1.235
1.482
1.978
2.475
4.950
7.420
9.900
12-370
19.790
x = 0.210 m
Y/6 2
n 31_73
0.4246
0.5069
0.5642
0.6090
0.6438
0.6628
0.6746
o.6984
0.7227
0.7599
0.7880
0.9105
0.9775
0.9964
0.9984
1.00
0.14
0.23
0031
0.40
o.49
0.57
o.66
0.75
,.87
1.13
1.47
1.82
2.59
3.46
4.32
5-19
6.05
6.92
7.78
8.65
10.38
13.84
0.3305
0.3999
0.4600
0.5068
0.5501
0.5785
0.5911
0.6oo6
0.6108
0.6314
0 .6573
0.6927
0.7240
0.7780
0.8360
0.8846
0.9240
0.9580
0.9796
0.9891
0.9951
0.9983
1.00
x = 0.311 m
Y/6 2 u/u6
0.10
0.15
0.20
0.25
0.30
0.35
o.
0.51
o.61
o.81
1.01
1.27
1.52
2.02
3.04
4.05
5.06
6.07
7.09
9.11
11.14
14917
19.24
29-36
V af% 0
0.2966
0.3629
0.3957
0.4252
0.4529
0.4738
0.4865
0.5006
0.5214
0.5481
0.5740
0.6059
0.6352
0.6989
0.8039
0.8916
0,9540
0.9822
0 .9930
0.9960
0.9970
0.9979
0.9988
1.00
x =0.413 m
Y/6 2
0.328
o.625
0.89
1.19
1.49
1.79
2.09
2.38
2.68
2.98
3.28
3.58
4.05
4.17
4.77
5.36
5.66
5.96
6.26
u/u6
0.319
0.371
0.410
0.450
0.492
0.541
0.586
o.632
o.682
0.728
0.772
0.814
0.856
0.895
0.955
.987
.994
1.00
1.00
x = 0.514 m
Y/62
0.195
0.372
0.532
0.71
o.886
1.063
1.42
1. 7
.213
2048
2.66
2.84
3.01
3.19
3.37
3.55
3.72
3.90
4.08
4.26
4.43
4.61
4,79
4.96
5.14
5.32
5.50
567
5.85
6.03
u/ms
0.183
0.199
0.220
0.230
0.245
0.266
0.309
0.3$8
o.454
0.548
0.580
0.620
0.655
o.688
0.727
0.764
0.798
0.836
o.86o
0.895
0.922
0.943
C.959
0.971
0.984
0-991
0.996
o.998
1.00
1.00
TABLE 3 - VELOCIT& PROFILES (RUN I) (Continued)
x = o.616 m
y/62
4.0148
0.163
0.310
0.59
o.89
1.18
1.48
1.77
1.92
2.06
2.36
2.66
2.81
2.95
3.10
3.25
3.40
3.54
3.69
3.84
3,99
4.14
4 b28
4.43
4.58
4.73
4.87
5.02
5.17
5.32
5.46
5.61
u/u
6
0.122
0.122
0.122
0.122
o.166
0.204
0.254
0.319
0.345
0.372
0.439
o.499
0.536
0.566
0.604
o. 637
0.682
0.711
0.745
0.782
0.805
0.835
o.865
0.890
0.915
0.933
0.949
0.965
0.977
0.990
1.00
1.00
x = 0.718 m
Y/6 2 * U/U/6
0.013 O.126
0.137 0.126
0.262 0.156
0.50 0.181
0.75 0.200
1.00 0.235
1.25 0.256
1.50 0.325
1.75 0.368
2.00 0.417
2.25 o.482
2.50 0.532
2.75 o.600
2.87 0.624
3.00 0.655
3.12 0.686
3.37 0.745
3.62 0.790
3.87 o.844
4.11 o.888
4.37 0.923
4.62 0.948
4.87 0.970
5.12 0.981
5.24 0.989
5.74 1.00
5.99 1.00
x = 0.819 m
Y/62
0.010
0.21
0.40
o.61
o.81
1. 01
1.21
1.41
1.61
1.82
2.02
2.22
2.42
2.62
2.83
3.03
3.23
3.43
3.63
3.83
4.24
4.64
5.05
5.45
5.65
U/U 
6
0.114
0.194
0.250
0.273
0.277
0.308
0.335
0.366
0.411
o.458
o.504
0.544
0.588
o.634
o.688
0.734
0.781
0.821
o.863
o.894
0.933
0.970
0.991
0.997
1.00
x = 0,921 m
0.00795
0.167
0.318
o.477
o.636
0.795
0.955
1.113
1.43
1.59
1.75
1.91
2.067
2.225
2.384
2.54
2.70
2.86
3.02
3.18
3.50
3.82
4.13
4.45
4.77
5.09
5.25
5.41
U/U
6
0.114
0.180
0.197
0.207
0.222
0.255
0.291
0.312
0.360
0.395
0.438
0.467
0.516
0.552
0.592
0.624
o.664
0.702
0.739
0.777
0.849
0.901
0.936
0.964
o.984
0-.997
1.00
1.00
TABLE 4 - CHARACTERISTIC BOUNDARY LAYER DATA (RUN II)
uT[m/s] T [N/m2
0.4399
0.2133
0
0
0
0
0
0
0.228
0.0538
0
0
-0
0
-0
:0
Cf 61 [mm 62 [mm] 63 [Mn]
0.00239
0.00072
0
0
0
0
0
0
3.6172
9.5218
55.781
52.748
49.007
58.187
60.081
70.834
2.2040
4.2873
22.563
25.712
27.136
35.273
37.474
43.229
3.6739
6.6477
34.437
40.333
43.640
57.939
62.013
71.313
H1 2
1.6412
2.2209
2.4722
2.0515
1.8o6o
1.6496
1.6033
1.6386
H32 Re 62a0
1.6669
1.5506
1.5263
1.5686
1.6082
1.6426
1.6548
1.6497
0.1776
0.3076
1.2799
1.4353
1.5045
1.8965
1.8689
1.9662
0.108
0.159
o.616
0.667
0.717
0.819
0.921
1.022
12.73
11.27
8.94
8.82
8.71
8.35
7.79
7.15
0.8701
1.1406
3.4943
3.7234
3.9752
4.4035
4.5932
4.6484
x[m] u lm/s] Re,-10o-5
TABLE 5 - VELOCITY PROFILES (RUN II)
x = 0.108 m
y/6
2
0.057
0.346
0.634
0.92
1.21
1.49
1.729
2.017
2.304
2.881
3.457
4.034
4.609
5.186
5.762
6.339
6.915
7.491
u/u
6
0.2110
0.400
0.472
0.517
0.558
0.597
0.629
0.662
0.692
0.756
0.817
0.865
0.911
0.948
0.971
0.986
0.996
1.00
x = 0.159 m
y1 
2
0.030
0.326
0.620
0.918
1.185
1.481
1.777
2.A73
2.370
2.660
2.962
3.258
3.555
3.851
4.147
4.443
4.740
5.036
5.332
5.480
5.924
6.40
u/u
6
0.1471
0.2225
0.2589
0.2960
0.3443
0.3997
o.4541
0.5127
0.5653
0.6218
0.6811
0.7286
0.7733
0.8249
0.8675
0.9082
0.9443
0.9659
0.9765
0.9870
0.9948
1.00
x = 0.616 m
y/6 2 u/u6
0.0056
0.062
0-.118
0.225
0.34
0.45
0.56
0.68
0.79
0.90
1.01
1.13
1.24
1.35
1.46
1.58
1.80
1.91
2.14
2.36
2.59
2.81
3.04
3.26
3.50
3.71
3.94
4.17
4.39
4.62
4.84
0.232
0.256
0.280
0.262
0.249
0.210
0.210
0.198
0.206
0.181
0.218
0.225
0.245
0.271
0.297
0.346
0.425
0.447
0.528
0.589
0.665
0.738
0.768
0.820
0.878
0.905
0.932
0.958
0.975
0.992
1.00
x = 0.667 m
0.005
0.054
o.lo4
0.148
0.198
0.296
0.397
0.494
0.593
0.692
0.79
0.89
0.99
1.19
1.383
1.58
1.78
1.88
1.98
2.27
2.57
2.86
3.16
3.36
3.66
3.95
4.15
4.25
4.35
4.45
4.54
4.64
u/u6
0.2361
0.3184
0.3184
0.3184
0.3103
0.3103
0.2906
0.2906
O.2906
0.2992
0.3130
0.3262
0.3463
0.3855
0.4271
0.4740
0.5295
0.5560
0.5812
0.6691
0.7466
0.8012
0.8670
0.8910
0.9282
o.9639
0.9769
0.9830
0.9872
0.9915
0.9958
1.00
TABLE 5 CONTINUED - VELOCITY PROFILES (RUN II)
x = 0.717 m
y/6 2 u/u6
0.0047
0.051
0.094
0.140
0.187
0.234
0.281
0.374
0.468
0.562
0.655
0.749
0.842
1.030
1.217
1.404
1.591
1.778
1.965
2.153
2.340
2.527
2.714
2.901
3.089
3.276
3.557
3.744
3.931
4.118
4.306
4.493
0.238
O.360
0.371
0.385
0.385
0.385
0.387
0.392
0.392
0.392
0.398
0.413
0.415
0.443
0.473
0.503
0.546
0.596
0.631
0.689
0.724
0.760
0.795
0.827
0.871
O.900
0.928
0.947
0.963
0.983
0.991
1.00
x = 0.819 m
y/6 2 u/u6
0.004
0.039
0.076
0.144
0.288
0.432
0.576
0.720
0.864
1.008
1.152
1.296
1.368
1.440
1.584
1.728
1.872
2.016
2.160
2.304
2.448
2.592
2.736
2.880
3.024
3.168
3.312
3.456
3.600
3.673
3.816
3.888
3.960
4.104
0.229
0.398
0.426
0.439
0.462
0.475
0.479
0.483
0.497
0.510
0.538
0.564
0.575
0.580
0.604
0.626
0.656
0.690
0.717
0.749
0.773
0.797
0.824
0.848
0.880
0.907
0.927
0.944
0.962
0.970
0.978
0.986
0.992
1.00
x = 0.921 m
y/6 2
0.003
0.038
0.071
0.137
0.274
0.410
0.545
0.684
0.81
0.95
1.08
1.22
1.29
1.36
1.49
1.63
1.76
1.90
2.03
2.17
2.30
2.44
2.58
2.71
2.85
2.98
3.12
3.25
3.39
3.52
3.66
3.73
3.80
3.86
3.93
u/u6
0.186
0.369
0.413
0.460
0.487
0.498
0.505
0.515
0.534
0.550
0.556
0.569
0.580
0.597
0.611
0.630
0.654
0.673
0.694
0.720
0.745
0.771
0.791
0.813
0.842
o.869
O.900
0.924
0.943
0.960
0.976
0.984
0.992
0.997
1.00
x = 1.022 m
y/ 6 2
0.003
0.032
0.061
0.118
0.235
0.352
0.470
0.587
0.705
0.822
0.940
1.058
1.116
1.175
1.292
1.410
1.527
1.645
1.763
1.880
1.998
2.115
2.233
2.350
2.468
2.585
2.703
2.820
2.938
3.055
3.173
3.290
3.349
3.408
3.467
3.525
3.643
3.702
u/uS.
0.2374
0.3162
0.3241
0.3685
0.4113
0.4442
0.4749
o.4803
0.5113
0.5310
0.5429
0.5569
0.5638
0.5728
0.5905
0.6096
0.6283
0.6464
0.6717
0.6886
0.7088
0.7267
0.7459
0.7679
0.7877
0O8069
0.8289
0.8488
0.8697
0.8986
0.9198
0.9405
0.9513
0.9607
0.9713
0.9779
0.9935
1.00
TABLE 6 - CHARACTERISTIC BOUNDARY LAYER DATA (RUN III)
x[m] u [m/sJ Re -10-5 u [m/s] r,[N/m2]
0.1080
0.210
0.3112
o.4128
0.5144
0.6160
0.7176
o.8192
0.9208
14.58
12.16
10.91
10.44
9.92
9.69
9.21
9.17
8.56
0.9885
1.599
2.137
2.682
3.131
3.655
4.103
4.683
4.914
0.6020
0.3538
0.2648
0.2954
0.2876
0.2922
o.2981
0.2860
0.2182
0.4255
o.1466
0.0825
0.1015
0.0954
0.0983
1.032
0.0951
0.0554
C 6 }[n] 62 [mu]
0.00341
0.00169
0.00118
0.00160
o.ool68
0.00182
0.00210
0.00194
0.00130
2.0335
5.2576
9.5594
10.760
11.960
13.756
14.119
17.817
27.170
1.3345
2.8701
4.6848
5.9036
6.7456
8.1137
8.7251
11.057
15.104
63 [mm] H12
2.2829
4.6297
7.3474
9.4861
10.914
13.321
14.517
18.389
24.466
1.5238
1.8318
2.0405
1.8227
1.7729
1.6954
1.6182
1.6115
1.7988
H32 Re62 iC
1.7106
1.6130
1.5684
1.6068
1.6179
1.6418
1.6638
1.6632
1.6198
0.1221
0.2185
0.3217
0.3836
0.4106
0.4814
0.4989
o.6321
O.806
-
4 2
v lm -llo
0.1593
0.1597
0.1589
o.1607
0.1630
0.1633
o.1611
o.1604
o.16o4
1.3725 0.15990 67.715 27.639 41.630 2.45 1.54241.0224 7.94 5.077 0
TABLE 7 - VELOCITY PROFILES (RUN III)
x = 0.1080 m x = 0.210 m x = 0.311 m x = 0.413 m x = 0.514
u/u6 y/6 2 u/u6 y/6 2 u/u6 y/6 2 u/u6
0.2425
0.3606
0.5100
0.5718
0.6070
0.6584
0.7016
0.7810
0.8512
0.9024
0.9475
0.9781
0.9953
0.9985
1.00
y/ 6 2
0.0955
0.324
0.571
0.800
1.050
1.520
2.05
2.85
3.81
4.76
5.71
6.66
7.61
8.09
8.56
0.1766
0.2705
0.3535
0.3929
0.4150
0.4360
0.4676
0,5043
0.5345
0.5653
0.6252
0.6910
0.7535
0.8089
0.8634
0.9068
0.9424
0.9737
0.9796
0.9846
0.9887
0.9928
0.9959
0.9977
1.00
0.027
0.135
0.244
0.352
o.461
0.570
0.705
o.814
0.950
1.08
1.36
1.63
1.90
2.17
2.44
2.71
2.98
3.25
3.52
3.80
4.07
4.34
4.61
4.88
5.15
5.42
5.69
5.96
6.24
6.51
0.1410
0.2101
0.2679
0.2934
0.3063
0.3221
0.3420
0.3532
0.3685
0.3860
0.4268
0.4722
0.5147
0.5529
o.6081
o.6561
0.7048
0.7503
0.8015
0.8405
0.8790
0.9147
0.9397
0.9646
0.9811
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0.9917
0.9956
0.9989
1.00
0.022
0.043
o.o65
0.086
0.108
0.129
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0.236
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0.366
0.451
0.667
o.86
1.29
1.72
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2.58
3.01
3.44
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4.30
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5.16
5.59
6.02
6.45
7.31
0.2095
0.2316
0.249
0.2705
0.2901
0.306
0.322
0.340
0.347
0.347
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0.389
o.4o6
0.428
0.485
0.535
0.617
0.685
0.746
0.8226
0.875
0.927
0.956
0.978
0.9908
0.9957
0.9982
1.00
y/62 u/u
0.0188
0.094
0.170
0.245
0.320
0.396
0.47
0.56
0.75
0.94
1.13
1.32
1.51
1.88
2.26
2.64
3.01
3.39
3.77
4.14
4.71
5.08
5.46
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6.21
6.4o
0.1844
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0.9877
0.9952
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1.00.
0.044
0.221
0.398
0.575
0.752
0.930
1.15
1.33
1.55
1.77
2.21
2.65
3.10
3.54
3.98
4.42
4.87
5.31
5.53
5.75
5.97
6.19
6.42
6.64
7.08
TABLE T CONTINUED - VELOCITY PROFILES (RUN III)
x = 0.16Z VI -= 718 wi x = 0.819 m x = 0.921 m x = 1.022 m
y/6 2 u/u6 y/6 2 u/u6
0.016
0.078
0.141
0.204
0.266
0.329
0.407
0.470
0.63
0.78
0.94
1.25
1.57
1.88
2.19
2.50
2.82
3.13
3.44
3.76
4.07
4.38
4.70
5.01
5.32
5.63
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6.26
6.57
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0.3586
0.3780
0.3964
o.4lo6
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1.00
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0.728
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2.329
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0.2628
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0.9326
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0.9874
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1.00
y/ 6 2 u/u6 y/ 6 2 u/u6 y/ 6 2 U/u6
Ol
0.0230
0.0345
0.0460
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0.0805
0.1035
0.127
0.149
0.195
0.241
0.299
0.356
0.4595
o.6892
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1.148
1.378
1.608
1.838
2.067
2.297
2.527
2.757
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3.216
3.446
3.675
4.135
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5.513
5.973
6.202
0.1733
0.1906
0.2065
0.2576
0.2948
0.3325
0.3729
0.3874
0.4014
o.4206
0.4318
0.4479
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0.4736
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0.5621
0.5868
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o.oo8
0.017
0.025
0.042
0.059
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0.337
0.50
o.67
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1.35
1.51
1.68
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2.02
2.35
2.69
3.03
3.20
3.53
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4.04
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0.014
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0.041
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0.097
0.143
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1.47
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2.30
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2.85
3.03
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3.40
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3.86
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4.04
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0.1522
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o.1892
o.1892
0.1892
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0.2052
0.2384
0.3244
0.3784
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0.4472
o.4920
0.5525
0.6035
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0.9537
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-- _-- -- = ==-- -
5 3 0.108
3 5 0.210
74 
- -- o 0.311
90.413
19 13 11 0.514
15 0.616
0.718
-__ ____ -___ ___ 19 0.921 -- - - --
u
U 8
0.4
0.2
0
I
( RUN I)
0.5
0.4
0.3
2 3
y/82
THE WALL IN A TURBULENT BOUNDARY LAYER
_ _ 
_oo 00 __ H 12  P R O F IL E
o 2.35 @)RUN I
+ 2.45 0
* 2.39 "B"X="130"
-- _ 
SPANGENBERG
u
U 8 0.2
0.1
0 I
FIG.7 SEPARATION PROFILES NEAR
25
2 4 6 10 20 40 60 100 200 400 1000
YUr 11s
FIG. 8 UNIVERSAL SEMILOGARITHMIC LAW OF VELOCITY PROFILES (RUIN I)
* 0.108 +
0 0.210 
..
a 0.311
-- - 0.413_ 
_ _
+ ZERO PRESSURE 0GRADI ENT 00_04,_ _ _
0000 F - - = 5.75 log - +5.1
-A 0
__ __ __ _ __ _ 0 __ __ ___ __ __ _ __ _ _ __ ___A_
20
15u 8
U r
10
5
I.I .--. O"*- ---- ,W .-- "4"". ww -- I -1- .--
I
mm -
*- 4- &-
0.6 0.8 1.0
MEASURED VALUE
LUDWIEG 8 TILLMANN
- EON (2.3)
1.2
X [m] --
FIG. 9 EXPERIMENTAL AND THEORETICAL WALL SHEAR STRESS (RUN I )
4
3
2
0
-1
0 0.2 0.4
45 x0
0
3
2
H 12
0.2 0.4 0.6 0.8 1.0 1.2
X m]
FIG.10 REYNOLDS NUMBER, VELOCITY, SKIN FRICTION.AND H 12 DISTRIBUTIONS (RUN I)
1.0-
0.8-
0.6 -
Re8
H~ 
22
u /(u ) -_ _ _ _ _ _ - -_- -_-
HH
Cf
- - - A ~/C
4-
3-
2-
10-
40.4 -
Cf
U 8
(u 8 ) 0
0.2-
0-
Re
:xIc 82
3
0 10 -
2
-I 6xi0-
I
1.0
0.8
0.6
2 3 4 '5 6 7
FIG.II VELOCITY PROFILES IN A TURBULENT BOUNDARY LAYER (RUN IN
p l
-__ -15
21 0.108 - --
4_ _-0.159
1® 0.616
--- 0.667
0.718 - --
----- ® 0.819 - ---
-- ®-1.022
u
0.4
0.2
0 8 toI
I
-
/
_ _ _ _ /
*- &-
0 0.2 0.4 0.6 0.8 1.0
A MEASURED VALUE
LUDWIEG 8kTILLMANN
EON (2.3)
1.2
FIG. 12 EXPERIMENTAL AND THEORETICAL WALL SHEAR STRESS (RUNII)
4
3
CfxIO3 2
0
-I
0.30
0.20
0.10
A fence
[mm Aic]
0
-0.10
0
- A
-0.12
0.108
0.311
0.616
1.124 - - -
- +- -- ----- -H t- ------ --- -------
-0.08 -0.04 0 +0.04 + 0.08 +0.12
FIG.13 SKIN FRICTION DISTRIBUTION ALONG CIRCUMFERENCE (RUN3I)
0.2
H 12
Re
Cf
- - - - -- --- - - - -  --I
0.4 0.6 0.8
1.0 -
0.8 -
1.2
x [in -
FIG. 14 REYNOLDS NUMBER ,VELOCITY , SKIN FRICTION, AND H 12 DISTRIBUTIONS (RUN HI)
5-
4 -
3-
1 a
'CfXIO
2-
I -
0-
0.6 -4
4I0 -
Re
53
10 -
1.0
2
H12
0
u 8
(u ) o( 8 ) 0
0.4-
0,2-
0-
ll m --
1.0
0.8
0.6
2 3 4 5 6 7 8 9
y/ 2 Po
FIG.15 VELOCITY PROFILES IN A TURBULENT BOUNDARY LAYER (RUNN)
- - - _- 
~---
19
--- 30. 108
3 - -- 5 0.210
5- 0.311-
-- -- O 0.413
21 19 0.921
-- ®-- -- 2 1.022 -- --- --- ---
-- - - ---- 
--- ~ ~ - ~ 
- - - ~ - ~
U
U8
0.4
0.2
0
0 I
25
20
2 4 6 10 20 40 60 100 200 400 1000
Yur/U w
FIG.16 UNIVERSAL SEMILOGARITHMIC LAW OF VELOCITY PROFILES (RUN I)
0 0.108
o 0.210
A 0.311
A 0.413
o 0.514 . .3
* 0.616
V 0.718
V 0.819
- 0.921 - .-- - -_-- -
yur
-- - --- ----_ -- 
__-----_ 
-_ U =5.75 log + 5.1
DkUT v
u
UT
15
10
5
I
43
1.2
X Cm] ---
AND THEORETICAL WALL SHEAR STRESS (RUNIMI)
- - -
Cf X 0 2
A MEASURED VALUE
-- LUDWIEG a TILLMANN
-- EQN (2.3)
0.8
0
-1
0 0.2 0.4 0.6 1.0
FIG.17 EXPERIMENTAL
INITIAL DISTRIBUTION LIST
ipies Organization
50 Commanding Officer and Director
David Taylor Model Basin
Washington 7, D.C.
Attn: Code 513
7 Naval Ship Systems Command
Department of the Navy
Washington 25, D.C.
Attn: Technical Library
Codes: 2021-(3) 6420
03412 6421
0343
1 Office of Naval Research
Branch Office, Forrestal Research Center
Princeton, N.J.
Attn: Mr. J. Levy
Office of Naval Research
Department of the Navy
Washington 25, D.C.
1 Attn: Head, Fluid Dynamics Branch, Code 438
1 Attn: Head, Power Branch, Code 429
Massachusetts Institute of Technology
Cambridge, Mass. 02139
1 Attn: Prof. A. Shapiro
1 Prof. E.S. Taylor
1 Prof. P.G. Hill
The Johns Hopkins University
Baltimore, Maryland
1 Attn: Prof. F. Clauser
1 Prof. L.S.G. Kovasznay
Princeton University
Princeton, N.J.
1 Attn: Prof. S.M. Bogdonoff
1 Prof. W.D. Hayes
1 Prof. S.I. Cheng
1 Prof. L. Crocco
1 Prof. H. Lam
1 Prof. L. Brush
1 Prof. W.O. Criminale
1 Prof. D.C. Hazen
1 Engineering Library
1 Forrestal Library
Stanford University
Department of Mechanical Engineering
Stanford, California
1 Attn: Prof. S.J. Kline
1 Prof. J.P. Johnston
Copies Organization
University of California
Berkeley, California
1 Attn: Prof. G.M. Cocos
Harvard University
Cambridge 38, Massachusetts
1 Attn: Prof. R.E. Kronauer
1 Prof. H. Emmons
Dartmouth College
Hanover, New Hampshire
1 Attn: Prof. R.C. Dean, Jr.
1 Dr. H. Eichenberger
Ingersoll-Rand Co.
Research and Development
Bedminster, N.J.
Westinghouse Electric Corp.
Lester, Penna.
1 Attn: Mr. R.E. McNair
1 Mr. G. Howard
1 Dr. Howard Baum
Department R510
AVCO Research and Advanced Development
Wilmington, Mass.
1 Dr. D.C. Prince
General Electric Co.
Evendale, Ohio
1 Dr. D.M. Gibson
General Dynamics
Fort Worth, Texas
1 Dr. F.C.W. Olson
U.S. Naval Mine Defense Laboratory
Panama City, Florida
Iowa Institute of Hydraulic Research
University of Iowa
Iowa City, Iowa
2 Attn: Dr. Hunter Rouse
Dr. J.F. Kennedy
1 NASA
1512 H. Street, N.W.
Washington 25, D.C.
-University of Chicago
Chicago, Illinois
1 Attn: Prof. J. Hartnett
Copies Organi zation
1 Dr. J.A. Schetz
General Applied Science Lab., Inc.
Westbury, L.I., New York
University of Minnesota
St. Anthony Falls Hydraulic Laboratory
Minneapolis 14, Minn.
1 Attn: Director
Aeronautical Research Associates at Princeton
Princeton N.J.
1 Attn: Dr. C. DuP. Donaldson, President
1 Dr. L. Landweber
Iowa Institute of Hydraulic Research
University of Iowa
Iowa City, Iowa
1 Mr. Neal Tetervin
Naval Ordnance Laboratory
White Oak
Silver Spring, Maryland
1 Dr. F.R. Hama
Jet Propulsion Laboratory
Pasadena, California
1 Dr. G.B. Schubauer
National Hydraulic Laboratory
Bureau of Standards
Washington, D.C.
1 Dr. D. Coles
California Institute of Technology
Pasadena, California
1 Dr. J.M. Robertson
University of Illinois
Urbana, Illinois
1 Mr. E.M. Uram
Davidson Laboratory
Stevens Institute of Technology
Hoboken, N.J.
1 Mr. W.B. Giles
Ordnance Department
General Electric Co.
Pittsfield, Mass.
1 Dr. J.J. Cornish, III
Lockheed-Marietta
Marietta, Georgia
Copies Organization
1 Head,
Department of Aerophysics
Mississippi State University
State College, Miss.
1 Dr. Paul Kaplan
Oceanics, Inc.
Technical Industrial Park
Plainview, L.I., New York
2 Illinois Institute of Technology
Technology Center
Chicago, Ill. 60616
Attn: Prof. Irving Michelson
Dr. T. Paul Tarda
1 Prof. D.A. Nesmith
Engineering Experiment Station
Kansas State University
Manhattan, Kansas 66504
1 Editor, Engineering Index
Engineering Societies Library
29 West 39th. Street
New York 18, N.Y.
1 Editor, Applied Mechanics Reviews
Southwest Research Institute
8500 Culebra Road
San Antonio 6, Texas
Office of Naval Research, Boston Branch
495 Summer Street
Boston, Mass. 02110
1 Attn: Commanding Officer
1 Dr. F.B. Gardner
1 Mr. T.B. Dowd
1 Resident Representative
Office of Naval Research, New York Area
207 West 24th. Street
New York 11, N.Y.
1 Commanding Officer
Office of Naval Research, Chicago Branch
219 S. Dearborn Street
Chicago, Ill. 6o6o4
1 Commanding Officer
Office of Naval Research, San Francisco Branch
1076 Mission Street
San Francisco, Calif. 94103
Copies Organization
1 Commanding Officer
Office of Naval Research, Pasadena Branch
1030 East Green Street
Pasadena, Calif. 91101
1 Prof. G.L. Mellor
Department of Mechanical Engineering
Princeton University
Princeton, N.J.
1 Mr. M.P. Tulin
HYDRONAUTICS, Inc.
Pindell School Road, Laurel
Howard County, Maryland
1 Dr. D.L. Turcotte
Graduate School of Aeronautical Engineering
Cornell University
Ithaca, New York
1 Mr. A.M.O. Smith
Douglas Aircraft Company, Inc.
Aircraft Division
Long Beach, Calif.
1 Prof. G.H. Toebes
School of Engineering
Purdue University
Lafayette, Indiana
General Electric Company
570 Lexington Avenue
New York 22, N.Y.
1 Attn: Mr. F.P. McCune, Vice Pres. Engineering
Mr. C.H. Linder, Gen. Mgr. Turbine Div.
Large Steam Turbine Div.
General Electric Co.
Schenectady 5, N.Y.
1 Attn: Mr. Carl Shabtach, Mgr. Engineering
1 Mr. J.E. Fowler
1 Mr. K.C. Cotton
1 Mr. J. Herzog
1 Mr. R.E. Brandon
Gas Turbine Division
General Electric Co.
Schenectady 5, N.Y.
1 Attn: Mr. C. George, Mgr. Engineering
1 Mr. R.L. Hendrickson
1 ~Mr. B.D. Buckland
1 Mr. G.W. Schaper
Copies Organization
Large Steam Turbine-Generator Dept.
General Electric Co.
Schenectady 5, N.Y.
1 Attn: Mr. J.E. Downes, Mgr. Engineering
Mr. C.W. Elston, Gen. Manager
Flight Propulsion Division
General Electric Co.
Cincinnati 15, Ohio
1 Attn: Technical Information Center, Bldg. 100
1 Mr. D. Cochran, Gen. Manager
1 Mr. J.W. McBride, Devel. Plan. Group, Bldg. 300
1 Mr. R.G. Griffin
1 Dr. S.N. Suciu, Mgr. Appl. Res. Oper., Bldg. 300
Small Aircraft Engine Division
General Electric Co.
1000 Western Avenue
Lynn, Mass.
1 Attn: Mr. Edward Woll, Mgr.
Aircraft Gas Turbine Division
General Electric Co.
Cincinnati 15, Ohio
1 Attn: Dr. LeR. Smith, Jr.
1 Mr. E. Perugi
Large Jet Engine Dept.
General Electric Co.
Evendale, Ohio
1 Attn: Mr. D.C. Berkey
Mr. W.R. Cornell
Mr. L. Wright
1 Mr. J.E. Knott, Director of Engineering
Aircraft Engine Operations
Allison Division - General Motors Corp.
Indianapolis 6, Ind.
1 Mr. E.B. Newill, General Manager
Allison Division - General Motors Corp.
Indianapolis 6, Ind.
Turbine Engine Dept.
Allison Division - General Motors Co.
Indianapolis 6, Ind.
1 Attn: Mr. J.N. Barney
1 Mr. B.A. Hopkins
1 Mr. C.R. Loves
Engineering Development Dept.
General Motors Research Laboratories
12 Mile and Mound Roads
Warren, Michigan
1 Attn: Dr. Gino Sovran
1 Mr. C.A. Amann
Copies Organization
1 Librarian
General Motors Technical Center
Warren, Michigan
National Science Foundation
Washington 25, D.C.
1 Attn: Head, Engineering Section
1 Naval Liason Office
Massachusetts Institute of Technology
Building 20E, Room 232
Cambridge 39, Mass.
1 Library of Congress
Exchange and Gift Division
Washington 25, D.C.
1 Department of Aeronautical Engineering
Pennsylvania State University
233 Hammond Building
University Park, Pennsylvania 16802
Attn: Mr. Raphael D. Cahn
1 Professor J. Miller
U.S. Naval Postgraduate School
Monterey, California 93940
1 Dr. Bruce Johnson
Engineering Department
U.S. Naval Academy
Annapolis, Maryland
1 Dr. A. Fabula
Naval Ordnance Test Station
Pasadena, California
1 Mr. D.M. Nelson
Underwater Ordnance Department
Naval Ordnance Test Station
Pasadena, California
Unclassified
Security Classification
DOCUMENT CONTROL DATA - R&D
(Security classification of titie, body of abstract and indexing annotation must be entered when the overall report is claeified)
I. ORIGINA TIN G A C T IVITY (Corporate author) 2 a. R EPO RT SE CURI TY C LASSIFICA TION
Massachusetts Institute of Technology
Gas Turbine Laboratory 2b. GROUP
Cambridge, Massachusetts 02139
3. REPORT TITLE
"Experiments on Turbulent Boundary Layers along a Circular Cylinder with and
without Separation"
4. DESCRIPTIVE NOTES (Type of report and inclusive date&)
Final Report
5. AUTHOR(S) (Last name, first name, initial)
Fernholz, Hans, and Gibson, Paul
6. REPORT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REPS
July 1967 23
1a. CONTRACT OR GRANT NO. 9a. ORIGINATOR'S REPORT NUMBER(S)
Nonr 1841(91)
b. PROJECT NO. Gas Turbine Laboratory Report # 91
DTMB - Bureau of Ships General
C. Hydramechanics Research Program 9b. OTHER R PORT NO(S) (Any other numbers that may be aeigned
S-R009-Ol 01 thi rep*'
d.
10. AV A IL ABILITY/LIMITATION NOTICES
Copies of this report may be obtained from the Clearing House for
Federal Scientific and Technical Information, Sills Building,
Springfield, Virginia 22151
11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY
Bureau of Ships - David Taylor
None Model Basin
13. ABSTRACT
Experiments were conducted in a turbulent boundary layer near separation
along a circular cylinder with the flow in the axial direction. The pressure
gradient along the axis of the cylinder could be varied such that it was
possible to maintain three boundary-layer configurations close to separation
or with regions of reversed flow:
1. A turbulent boundary layer with skin friction zero.
2. A turbulent boundary layer with a separated region and reattachment
further downstream with skin friction zero.
3. A turbulent boundary layer with a region of small but constant skin
friction and normal separation.
Pressure and skin friction along the cylinder wall, as well as mean
velocity profiles in the boundary layer, were measured.
D FORM IA UnclassifiedD F RDD JAN 64 17
Security Classification
Unclassified
14. LINK A LINK B LINK C
KEY WORDS ROLE WT ROLE WT ROLE WT
Turbulent Boundary Layers
Separation
Adverse Pressure Gradients
Skin Friction Measurements
INSTRUCTIONS
1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.
2a. REPORT SECUIRTY CLASSIFICATION: Enter the over-
all security classification of the report. Indicate wliether
"Restricted Data" is included. Marking is to be in accord-
ance with appropriate security regulations.
2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200. 10 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 'as author-
ized.
3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a mcaninvful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis
immediately following the title.
4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.
5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial.
If military, show rank and branch of service. The name of
the principal anthor is an absolute minimum requirement.
6. REPORT DATE: Enter the date of the report as day,
month, year; or month, year. If more than one date appears
on the report, use date of publication.
7
a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i.e., enter the
number of pages containing information.
7b. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.
8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written.
8b, 8c, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.
9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity. This number must
be unique to this report..
9b. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), also enter this number(s).
10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further dissemination of the report, other than those
imposed by security classification,
such as:
(1) "Qualified requesters may
report from DDC."
using standard statements
obtain copies of this
(2) "Foreign announcement and dissemination of this
report by DDC is not authorized."
(3) "U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through
(4) "U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through
,I
(5) "All distribution of this report is controlled. Qual-
ified DDC users shall request through
If the report has beep furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.
11. SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.
12. SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay-
ing for) the research and development. Include address.
13. ABSTRACT: Enter an abstract giving a brief and factual
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of the technical re-
port. If additional space is required, a continuation sheet shall'
be attached.
It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS), (S), (C), or (U).
There is no limitation on the length of the abstract. How-
ever, the suggested length is from 150 to 225 words.
14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no, security classification is required. Identi-
fiers, such as equipment model designation, trade name, military
project code name, geographic location, may be used as key
words but will be followed by an indication of technical con-
text. The assignment of links, roles, and weights is optional.
DD IJ 1473(BACK) Unclassified
Security Classification
